The aim of this study was to describe how the diet of tawny owl changed along an urbanisation gradient. The research was conducted from 2003 to 2011 in central Poland. Pellets were collected in the following zones: the center of Warsaw, capital city of Poland (inhabited by approximately 2 million people), its outskirts and rural areas beyond the city. To investigate the differences in the percentages of the main groups of prey between the three zones, a redundancy analysis (RDA) method was implemented using CANOCO software. Sparrows, rats, pine voles and striped field mice were most connected to the city center, whereas voles (all species pooled together), northern birch mice, hazel dormice and insects were more commonly found among prey items collected in rural areas. As the outskirts were transitional areas where different habitats typical for both rural areas (such as forest complexes) and urban areas (such as parks or built-up areas) were present, no prey group was strongly connected to this landscape. Mammals were dominant in the diet in winter in all habitat types. Their share ranged from 52% (in the city center) to approximately 90% in the outskirts and rural areas. Birds, amphibians, reptiles and insects were more frequent in summer. Overall, the study confirmed high plasticity of the species as an opportunistic predator and its ability to adapt to long-term changes in its main prey in most urbanized areas.
Introduction
The tawny owl Strix aluco Linnaeus, 1758 managed to colonise almost all terrestrial habitats within its range thanks to its high flexibility in choice of nesting sites, moderate anthropophobia and ability to hunt for a wide range of prey (Cramp 1985) . The tawny owl is the most numerous owl species in Poland (Tomiałojć and Stawarczyk 2003) as well as in Europe (Petty and Saurola 1997) ; it can adapt to life in habitats highly transformed by humans, such as city agglomerations (Cramp 1985; Galeotti et al. 1991; Goszczyński et al. 1993) . At present, the tawny owl is one of few owls that nests in downtown areas of cities in central Europe. The diet composition of tawny owls has been the topic of many studies (e.g., Southern 1954; Petty 1999; Sunde et al. 2001; Solonen and Karhunen 2002) ; however, all of those studies were carried out in wooded or agricultural areas. Urban populations of tawny owls have been relatively rarely studied. The diet composition of the tawny owl in urban areas was analysed in just a few papers (Wendland 1980; Galeotti et al. 1991; Goszczyński et al. 1993; Zalewski 1994; Grzędzicka et al. 2013) . Thus far, studies carried out in cities have shown that tawny owls mostly prey upon birds, particularly sparrows (Passer spp.) (Harrison 1960; Schnurre 1961; Baven 1964; Bogucki 1967; Goszczyński et al. 1993; Wendland 1980; Zalewski 1994; Ranazzi et al. 2001 ). However, a study from south of Poland did not confirm this pattern (Grzędzicka et al. 2013) .
In recent decades, most European cities recorded a strong decline in the number of sparrows (review in Węgrzynowicz 2006 Węgrzynowicz , 2017 . The aim of the present study was to characterise the diet of tawny owl in three areas along an urbanisation gradient-city center, outskirts and rural areas-and show how the diet of urban tawny owls changed when the number of sparrows, their main prey item, dropped severely.
Material and methods

Study area
Most of the materials were collected in the following areas in central Poland: Warsaw, Kampinos National Park and Rogów Forest District. Warsaw is the largest city in Poland and one of the largest cities in central-eastern Europe. Warsaw covers almost 518 km 2 and is inhabited by almost 2 million people with a mean population density of 3302 people/km 2 . Built-up areas cover approximately 50% of the whole city, while agricultural areas, forests and water bodies cover 30%, 16% and 3%, respectively (www.um.warszawa.pl). The number of tawny owl pairs within the city was previously assessed at 75-85 pairs with a density of 1.4-1.6 pairs/10 km 2 (Gryz and Krauze-Gryz 2015) . In Warsaw, data were collected in city center and outskirts (15 sites in total). In the first zone, seven districts with the highest population density (minimum 5710 people/km 2 ) that did not border extra-urban areas were included. Remaining districts of lower urbanisation were included in the suburban zone (=outskirts). Tawny owls inhabited parks and cemeteries in both zones, while in the outskirts, pellets were also collected in forests and singlefamily housing areas.
Materials from rural areas were collected in Kampinos National Park. The park borders the Warsaw agglomeration; it has an area of 390 km 2 of which forests cover almost 72%. The remaining area contains mostly meadows and pastures. Density of tawny owls in this area was previously estimated to be 3.1-5.2 pairs/km 2 (Żmihorski et al. 2005; Olszewski et al. 2010) . The second rural area was Rogów Forest District, which is approximately 70 km from the edge of Warsaw. This area was characterised by small forest complexes (0.4-10.0 km 2 ) surrounded by agricultural areas (detailed description is given in Goszczyński et al. 2005) . Density of tawny owls was previously estimated to be 2.6 pairs/10 km 2 (Gryz et al. 2013) .
Pellet collection and analysis
The study was conducted in the years 2003-2011. Pellets were collected in the territories of tawny owls throughout the year and then pooled into the following seasons: spring-summer (April-September) and autumn-winter (October-March).
Standard procedures of pellet analysis were applied (Raczyński and Ruprecht 1974; Yalden and Morris 1990) . Prey remains were identified with the aid of various keys (Ruprecht 1979; Pucek 1981; Moreno 1985 Moreno , 1986 Brown et al. 1999; Ruprecht and Kościów 2007) . Diet composition was presented as the percent of a given prey item in the total amount of prey. Niche breadth was calculated with the aid of the Simpson formula (D = 1/∑p i 2 , pi-proportion of a given prey in a diet). The degree of niche overlap (C) between seasons in each habitat was assessed using the Morisita index modified by Horn (Morisita 1959; Horn 1966) . Additionally, for a study site located in the central part of Warsaw (the Royal Łazienki Park), data from the present study were compared with data from the 1970s (Goszczyński et al. 1993 ). The park is protected as a national heritage site; thus, no significant changes had taken place within its boundaries. The park covers approximately 80 ha and is located in the central part of the city. Four breeding pairs of tawny owl were recorded within the park area; this number did not change between the two periods (Gryz and Krauze-Gryz 2015) .
Statistical analyses
To investigate differences in the percentages of main groups of prey between the three studied areas (city center, outskirts and rural areas), a redundancy analysis (RDA) method was implemented in CANOCO software. The percentages of the main prey groups were calculated for each site of pellet collection (only samples with more than 10 prey items were included) and separately for spring/summer and autumn/winter seasons, with a total of 17 samples for the city center, 34 for the outskirts and 89 for rural areas. The prey percentages (arcsine transformed) of each prey group were defined as the response variables, whereas the study area served as the explanatory variable. The seasons were included in the analysis as covariates. A Monte Carlo test (499 permutations) was used to test the statistical significance of the differences between the two methods. A chi-square test was used to test differences between seasons and study areas in the percentage share of different groups of prey. Bonferroni adjustment was applied to multiple comparisons.
Results
Changes in the diet along an urbanisation gradient
In total, 9796 prey items of tawny owls were identified in the collected material; most were from rural areas, with the fewest in the city center. The lowest share of mammals was in pellets from the city center (35.3%). Birds dominated the diet in this area, accounting for almost 60% of prey items. The share of amphibians was small in all studied zones. Their largest share was in rural areas (7.7%). Reptiles and fish were sporadically caught by owls. The largest percentage of insects was recorded for rural areas (17.4%). The broadest food niche was in the outskirts, and the narrowest niche was in the city center (Table 1) . The redundancy analysis revealed that the landscape type (city center, outskirts and rural areas) significantly explained the variability in diet composition (F = 40.350, p < 0.005, 499 permutations) (Fig. 1) . Sparrows, rats Rattus spp., pine voles (Microtus subterraneus) and striped field mice (Apodemus agrarius) were most often found in the city center, whereas voles (all species pooled together), northern birch mice (Sicista betulina), hazel dormice (Muscardinus avellanarius) and insects were more commonly found in rural areas. No prey group was strongly connected with outskirts.
Seasonal differences in diet composition
Diet composition differed significantly between springsummer and autumn-winter seasons in three habitat types (Table 2) . Mammals were dominant in the diet in winter for all habitat types. Their share ranged from 52% (in the city (+ − percentage of occurrence below 0.1). N -number of prey items center) to 89% in outskirts and rural areas (Table 2) . On the other hand, birds, amphibians, reptiles and insects were more frequent in summer. Changes in the share of main prey groups between seasons were statistically significant for all zones, except for amphibians in the city center (Table 3 ). In the outskirts and in rural areas, food niche was much wider in springsummer than in autumn-winter. In the city center, niche breadth was similar in both seasons. Niche breadth overlap between seasons was very similar in the three analysed zones (in the city center C = 0.87, in the outskirts C = 0.84 and in rural areas C = 0.86).
Long-term changes in the diet of tawny owls from the city center
Comparison of diet composition based on data from Royal Łazienki Park from 1975 to 1977 and 2004 -2008 (Goszczyński et al. 1993 Goszczyński J. unpbl. data) showed a decrease in the share of sparrows from 51.3 to 27.0% and an increase in that of striped field mice from 6.1% to 25.7% (Table 4 ).
Discussion
Differences in diet composition along an urbanisation gradient
Differences in the diet of tawny owls between the three habitat types were similar to results obtained by other researchers. The presence of birds as the dominant prey item in urban habitats has been recorded in different parts of Europe (Harrison 1960; Baven 1964; Bogucki 1967; Ranazzi et al. 2001) . The relatively small percentage of birds recorded in the diet of tawny owls from the Apennine Peninsula (Ranazzi et al. 2001) , could be a result of zoogeographical differences (the abundance of reptiles in the region bordering the Mediterranean Sea). Mammals are the second most important prey group of tawny owls in cities. In European cities, mammals usually account for less than 35% of vertebrate prey items (Goszczyński et al. 1993; Zalewski 1994; Ranazzi et al. 2001) . Amphibians are a marginal element in the diet of urban tawny owls both in this and in the earlier studies. The decreasing proportion of insects in the diet along an urbanisation gradient was previously demonstrated by Grzędzicka et al. (2013) in southern Poland.
Comparison of data from this study and an earlier study (Goszczyński et al. 1993) showed some differences in the diet of tawny owls in the center of Warsaw. The general proportions between main groups of prey were the same (dominance of birds, marginal percentage or absence of amphibians); nevertheless, the percentage of birds decreased, while the percentage of mammals and amphibians increased. Moreover, the observed pattern in the variability of niche breadth was quite different. A previous study recorded a remarkable decrease in niche breadth that correlated with increasing urbanisation, while this study found no difference between the niche breadth of urban and exurban tawny owls. This was due to lower disproportion in the share of birds and mammals in the diet of owls nesting in the center of Warsaw.
A detailed analysis of variability in tawny owl diet along an urbanisation gradient can be found in four studies (Wendland 1980; Galeotti et al. 1991; Goszczyński et al. 1993; Zalewski 1994) . All of these studies claim that an increasing proportion of birds in the diet of urban owls is a result of the abundance of house sparrows Passer domesticus (Linnaeus, 1758). Similar to our results, the authors of those previous studies found that the percentage of rodents in the diet decreased with increasing urbanisation. However, the very high percentage of striped field mouse (19%) found in the city center of Warsaw from 2003 to 2011 was not recorded in earlier studies. Goszczyński et al. (1993) found the highest proportion of striped field mouse in the diet of owls inhabiting forests in suburban areas (approximately 7% of vertebrate prey). Data from Berlin (Wendland 1980) are very general and do not contain information on the percentage share of Apodemus species. Nevertheless, tawny owls from suburban forest preyed mainly on yellow-necked mice A. flavicollis, which together with other Apodemus species, accounted for 35% of prey items; in the central zone of Berlin three Apodemus species accounted for only 13.5%. The data from Toruń in Poland (Zalewski 1994) show an increasing proportion of striped field mice in the tawny owl diet correlated with an increase in urbanisation level. However, differences between the percentage of this species between the two urban zones were smaller than in our study (1.8% in the suburban zone and 5% in the central zone). According to studies from Pavia in Italy, which is beyond the geographical range of striped field mouse (Gliwicz and Kryštufek 1999) , wood mouse (Apodemus sylvaticus) was the second rodent according to the percentage share of consumed biomass (5.6%) (Galeotti et al. 1991) .
The high share of rats in the city center in our study is a result of the high density of these mammals in urban areas (Traweger et al. 2006; van Adrichem et al. 2013 ). On the contrary, northern birch mouse and hazel dormouse are typical species in forest areas; thus, they do not occur in cities (Juškaitis 2007; Lesiński et al. 2009; Balčiauskas et al. 2011; Juškaitis and Buchner 2013) . Additionally, voles (Microtus spp.) that typically inhabit open areas do not find suitable habitats in cities (Kostian 1970; Goszczyński 1981;  Values of a chi-square test are given when significant, df = 1, p = 0.0125 (with Bonferroni's adjustment). Yates' correction was applied. N -number of prey items Values of a chi-square test are given when significant, p < 0.0125 (with a Bonferroni's adjustment), ns -non significant. Yates' correction was applied Borowski 2003) , therefore were mostly found in rural areas. The only exception is European pine vole, which inhabits a wide range of habitats (Innes and Millar 1994; Michel et al. 2007; Amori et al. 2016) and was mostly connected to the city center in our study.
Seasonal differences in the diet
Most papers that focused on seasonal differences in the diet of tawny owls (Goszczyński 1981; Galeotti et al. 1991; Kirk 1992; Goszczyński et al. 1993; Zalewski 1994; Jędrzejewska and Jędrzejewski 1998; Sunde et al. 2001; Żmihorski and Osojca 2006) showed a higher share of bids and amphibians in warm seasons versus a higher share of mammals in the autumn-winter season, which agrees with results obtained in this study. However, different results were found in two papers (Goszczyński 1981; Sunde et al. 2001) . Sunde et al. (2001) found no remains of amphibians in pellets, which could be the result of their low abundance in Norway or a nonrepresentative sample from the summer (32 pellets). In data from western Poland (Goszczyński 1981) , comparison between diets in winter and summer showed that in winter, tawny owls preyed on birds more often. This was due to low abundance of common voles (Microtus arvalis, the most important diet component in this area) in winter, which forced owls to search for birds as an alternative prey (Goszczyński 1981) . Goszczyński et al. (1993) showed that along gradient of an increasing urbanisation, seasonal differences in the diet of tawny owls became less apparent. In the 1970s, tawny owls in the city center of Warsaw preyed heavily on birds throughout the year. When the population of house sparrow crashed (Węgrzynowicz 2006 (Węgrzynowicz , 2017 , this changed. In present conditions, differences between the diet in the warm and cold seasons were as clear in urban as in rural populations of tawny owl, which is quite different from what was found in Warsaw 30 years ago (Goszczyński et al. 1993 ).
Long-term changes in diet composition of tawny owls in the city center
The decrease in the proportion of sparrows in the diet of tawny owl shown in this study is a reaction to lower availability of this prey. In the last 30 years, the abundance of house sparrows in Warsaw declined (Węgrzynowicz 2006 (Węgrzynowicz , 2017 . Similar population declines in this species have also been observed in other European cities (review in Węgrzynowicz 2006) . Nevertheless, to the best of our knowledge, there are no studies from these cities that evaluate the diet of tawny owl before and after house sparrow population decline. Functional reaction of tawny owl to changes in prey availability has been shown with forest rodents (e.g., Jędrzejewska and Jędrzejewski 1998) . It was also documented for common voles (Goszczyński 1981) and for forest populations of field voles (Microtus agrestis) (Petty 1999) . A functional reaction was also recorded by Wendland (1984) for amphibians. Almost 30 years of studies of common spadefoot (Pelobates fuscus (Laurenti, 1768)) in the suburbs of Berlin showed its gradual disappearance from this area and, as a result, its decreasing percentage in the diet of tawny owl. The increase in the consumption of striped field mouse that was found in our study could be a result of lower access to house sparrows, which according to Goszczyński et al. (1993) formed 50% of prey items in the city center. An additional factor could be its higher abundance in Royal Łazienki Park compared with that during previous periods (Cichocka 2003) . Overall, the study confirmed high plasticity of the species, whose feeding ecology adjusted to various levels of urbanisation but also which reacted to long-term changes in the number of the main prey in the most urbanised areas -city center of Warsaw.
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